Attempts were made to elucidate the acetyl transformation of novel trichothecene mycotoxins, 3a,7a,15-trihydroxy-12,13-epoxytrichothec-9-en-8-one (deoxynivalenol) and its derivatives, by trichothecene-producing strains of Fusarium nivale, F. roseum, and F. solani. In the peptone-supplemented Czapek-Dox medium, F. roseum converted 3a-acetoxy-7a,15-dihydroxy-12,13-epoxytrichothec-9-en-8-one (3-acetyldeoxynivalenol) to deoxynivalenol. 3-Acetyldeoxynivalenol was also deacetylated by intact mycelia of the three strains in sugar-free Czapek-Dox medium. The growing F. nivale acetylated deoxynivalenol to afford a small amount of 3-acetyldeoxynivalenol. 3a,7a, 15-Triacetoxy-12,13-epoxytrichothec-9-en-8-one (deoxynivalenol triacetate) was transformed by the intact mycelium of F. solani into 7a, 15-diacetoxy-3a-hydroxy-12,13-epoxytrichothec-9-en-8-one (7,15-diacetyl-deoxynivalenol), which was then deacetylated to give 7a-acetoxy-3a,15-dihydroxy-12,13-epoxytrichothec-9-en-8-one (7-acetyldeoxynivalenol). It was noted that the ester at C-7 was not hydrolyzed by the fungal mycelium.
Within the past several years, a group of structurally related compounds, called trichothecenes, has been isolated from several different species of toxic fungi: Trichothecium, Cephalosporium, Myrothecium, Fusarium, and Trichoderma. The individual metabolite showed the evident difference in the modification of a tetracyclic 12,13-epoxytrichothec-9-ene nucleus, such as oxidation of some carbon atoms to afford ketone or alcohol, and esterification of the resultant alcohol. It was suggested that these structural differences affect the selectivity and specificity of biological activity, including mammalian toxicity, antibiotic activity, insecticidal activity, cytotoxicity, and phytotoxicity (1, 3) .
However, very little is known concerning the biological transformation of trichothecenes and its significance in biological activity. Horvath and Varga (4) reported evidence that the isocrotonic ester group of trichothecin and crotocin was enzymatically hydrolyzed by Penicillium chrysogenum Thom. Recently, Ellison and Kotsonis (2) reported that incubation of T-2 toxin with supernatant fractions of both human and bovine liver homogenates resulted in the conversion to HT-2 toxin.
In the present paper, the authors attempted to elucidate the mode of microbial transformation of the novel trichothecenes, deoxynivalenol and its derivatives (12) , by the trichotheceneproducing strains of Fusarium nivale, F. roseum, and F. solani.
MATERIALS AND METHODS
Microorganisms and chemicals. Stock cultures of F. nivaie Fn-2B, F. solani, and F. roseum (no. 117) were maintained on Czapek-Dox agar. They were stored at 4 C and subcultured bimonthly. These fungal species were previously demonstrated to metabolize the following trichothecene mycotoxins: F. nivale, fusarenon (6, 7, 9, 10); F. solani, neosolaniol and T-2 toxin (8); F. roseum, deoxynivalenol and its monoacetate (5, 12) .
Analytically pure 3a,7a, 15-trihydroxy-12,13-epoxytrichothec-9-en-8-one (deoxynivalenol, compound 1) and 3a-acetoxy-7a,15-dihydroxy-12, 13-epoxytrichothec-9-en-8-one (3-acetyldeoxynivalenol, compound II) were isolated from culture broth of F. roseum as previously described (5, 12 The course of trichothecene modification was followed by TLC on a silica gel plate developed in chloroform-methanol (97:3 and 5:1), chloroform-acetone (3:1 and 3:2), and ethyl acetate-toluene (3:1). The chromatoplates were viewed under a short-wave ultraviolet lamp, sprayed with 20% aqueous sulfuric acid, and heated at about 110 C for 10 min.
The transformation products were separated from the crude extract by column chromatography on silica gel using chloroform-acetone (3:2), recrystallized, and identified from their spectroscopic properties as shown in the following sections.
For quantitative estimation of trichothecenes, the crude extracts were reacted with trimethylsilylating reagent and gas chromatographed. The column was a coil (1 m by 3 mm) of stainless-steel tubing packed with 3% of OV-17 on 60-to 80-mesh Chromosorb W. The operating conditions were: column temperature, 240 q; flow rate of nitrogen, 75 ml/min; hydrogen, 0.6 kg/cm2; and air, 1.2 kg/cm2. Results were expressed as percentage of total peak heights of trichothecene derivatives.
RESULTS
Transformation of compound II by F. roseum in the culture broth. To determine the time course of compound II production and the transformation of it, F. roseum (strain 117) was surface cultured on peptone-supplemented Czapek-Dox medium at 25 C. An entire flask containing 500 ml of the culture broth was harvested at desired intervals to estimate the concentration of trichothecenes, dry weight of the fungal mat, and pH value of the filtrate.
Maximal growth of the fungus was attained after 14 days (Fig. 1) . As compound II exhibited a maximal level within 14 followed by rapid decrease, compound I accumulated in the filtrate. The production of compound II and its disappearance were coincident with the fungal growth and the accumulation of compound I, respectively ( Table 1) . Acetylation of compound I by mycelium of F. nivale. Compound I was converted with growing F. nivale into a compound having a higher retention time (tR) (1.6 min) on GLC and a larger R. value on TLC than those of the substrate (Fig. 2) . From its behavior on the chromatograms, the transformation product was identified as 3-acetyldeoxynivalenol: 3a-acetoxy -7a,15 -dihydroxy -12,13 -epoxytrichothec-9-en-8-one (compound II). This reaction occurred within a 12-h incubation period, and the rate of transformation in the filtrate was approximately 5% after 24 h. When compound I was used as a substrate for growing mycelium of F. roseum or F. solani, little if any transformation product in the filtrate was detected on TLC and GLC.
Deacetylation of compound II by mycelia of Fusarium spp. When compound II was incubated with growing mycelium of F. roseum, 2% of the substrate was deacetylated after 24 h to give deoxynivalenol in the filtrate. No other product was detected on either TLC or GLC. Ten percent of compound II was also transformed into deoxynivalenol after 24 h by the mycelium of F. nivale. On the other hand, compound II was quantitatively converted with growing F. solani into deoxynivalenol within a 12-h incubation period. Although the transformation patterns of compound II by the mycelia of Fusarium spp. were similar, the substrate was deacetylated at an extensively higher rate by the mycelium of F. solani (Fig. 3) .
Deacetylation product (I) was purified by repeated crystallization from ethyl acetatepetroleum ether; the mp found was 151 to 153 C. A melting point in admixture of it with the authentic sample produced no melting depression, and infrared proton and magnetic resonance spectra of the sample were identical with those of corresponding authentic standard.
Deacetylation of compound III by myceHum of F. solani. Deoxynivalenol triacetate was incubated with the mycelium of F. solani, and transformation products were periodically detected on TLC (solvent system; chloroformmethanol, 97:3) or on GLC as trimethylsilylated derivatives.
The triacetate (R., 0.72; tR, 4.9 min) disappeared within a 6-h incubation period, and further incubation gave two transformation prod- ucts, product A (R., 0.40; tR of the trimethylsilylated derivative was 2.75 min) and product B (Re, 0.09; tR of the trimethylsilylated derivative was 1.60 min) (Fig. 4) . Considering the transformation pattern of the triacetate, product B seemed to be metabolized via product A. Isolation of products A and B from the reaction mixture. The triacetate (380 mg) was added to 300 ml of the mycelium suspension in a 500-ml shaking flask, which was shaken at 25 C for 30 h. The mixture was filtrated by suction. The filtrate was extracted three times with a 200-ml portion of ethyl acetate. The extract was dried over anhydrous sodium sulfate and concentrated in vacuo. The residue (370 mg) was dissolved in 2 ml of chloroform and charged on a silica gel column (1 by 25 cm) followed by elution with chloroform-acetone (3:2). The major eluate (280 mg) was recrystallized from benzene-petroleum ether to give pure product B: mp, 147 to 148 C (hexagonal plates); ultraviolet e,,,XaoHnm: 227 (e, 5,700); infrared vX ¶Brcm- 6 .09 (1H, s), and 6.61 (1H, dd). From these results, product B was identified as 7a, 15-diacetoxy-3a-hydroxy-12, 13-epoxytrichothec-9-en-8-one (compound IV).
The These results show that product A is 7a-acetoxy-3a, 15-dihydroxy-12, 13-epoxytrichothec-9-en-8-one (7-acetyldeoxynivalenol, compound V).
DISCUSSION
Deoxynivalenol lacking a C-4 hydroxy group is a novel mycotoxin compared to the known trichothecenes, all of which have this functional group. The toxin was isolated from naturally infected barley grains with Fusarium spp. (5) . Recently, it was also isolated from the infected corn by a Northern Regional Research Laboratory group (11) . In the synthetic medium of F. roseum, the toxin was converted from its monoacetate (3-acetyldeoxynivalenol), accumulated by the mycelium in the phase of linear growth (Fig. 1) . The monoacetate is more toxic to mice than deoxynivalenol, but the latter shows higher cytotoxicity or vomiting toxicity than the monoacetate (13) . These facts led to the suggestion that deoxynivalenol found in both field crops of Japan (5) and northwest Ohio (11) was transformed from the monoacetate by biological and/or nonbiological hydrolysis during the growth and storage of the cereal grains.
By incubating deoxynivalenol and its derivatives with F. nivale or F. solani, which produces trichothecene mycotoxins having a C-4 hydroxy group, oxidation of the trichothecene nucleus, including the conversion of deoxynivalenol into nivalenol or cleavage of the ethylene oxide ring, was not detected. However, F. nivale gave a deoxynivalenol monoacetate by acetylation of the substrate (Fig. 2) . Since the acetylation is an endogernic process, the reaction might be progressed more efficiently by adding a coenzyme such as adenosine 5'-triphosphate or acetyl coenzyme to the reaction system.
The hydrolytic deacetylation of the monoacetate by the growing mycelia proceeded readily to give deoxynivalenol, though there was an appreciable difference in the degree of reaction between three fungal strains. Among them, marked reactivity of F. solani was noted. No reaction occurred in the culture filtrate of F. solani or sugar-free Czapek-Dox solution. These results suggest the participation of intracellular enzyme in this microbial hydrolysis.
The specificity of enzymatic hydrolysis by the mycelium of F. solani for deoxynivalenol triacetate is given in Fig. 4 . The intact mycelium hydrolyzed the C-3 ester at a faster rate than the C-15 ester, and the C-7 ester was not at all eliminated. The instability of the C-3 ester bond is also shown in Fig. 3 . These results lead to an assumption that the regiospecificity of C-3 ester for the enzyme is stronger than those of the other two ester bonds. From the results given above, the transformation pathway of deoxynivalenols is shown in Fig. 5 . It should be noted that the ester at C-7 was not hydrolyzed by the fungal hydrolytic enzyme. Deacetylation of trichothecene mycotoxins by mammalian tissues is being investigated.
